ZnO nanorods grown by chemical bath methods are of great interest in photovoltaic and electronic device applications because they offer low cost, low temperature deposition techniques compared to conventional molecular beam vapor deposition and sputtering methods. Our previous studies of ZnO nanorods grown by chemical bath technique on indium tin oxide (ITO) coated glass substrates at 90 C for 8-10 hours resulted in uniform growth of hexagonally shaped closed nanorod structures. We used scanning electron microscopy (SEM) and atomic force microscopy (AFM) techniques to map changes in surface morphology of nanorods grown on various substrates. Morphology of ZnO nanorods at temperatures 80C, 90C, 95C and 100C for 9 hours of hydrothermal growth also resulted in hexagonal shaped nanorods of various sizes and surface roughness. In addition, we studied the changes in surface morphology of ZnO nanorods on indium tin oxide coated glass, aluminum coated glass, and conducting tin oxide glass substrate. In this paper, we present quantitative data on changes in cluster size and shape of nanorods as the growth substrate and deposition temperature are varied. We will also discuss conductivity changes of ZnO nanorods deposited on various substrates.
Introduction
Zinc oxide is a semiconductor with wide range of device applications such as photovoltaic cells, and piezo electric transducer sensors [1, 2] . Our research efforts in the past two years have been focused on developing a simple deposition technique on a cost effective substrate suitable for these applications. Based on the recent studies by various groups, wet chemical processes [3] [4] [5] [6] hold great promise as a low cost, low temperature deposition technique. For optimizing device properties, nanorod growth with various temperatures and surface morphology changes with conducting substrates should be well understood. Previous studies of ZnO by chemical bath deposition technique used molar ratio, and pH of solution as control parameters [7, 8] . The chemical bath technique we used in this study was based on the novel ZnO nanorod growth technique developed by Vayssieres and Yan [5, 6] . The main goal of our study was to quantify changes in ZnO nanorod morphology and surface conductivity as the deposition temperature and substrate are varied. In this study we used deposition temperature in the range of 80 C -100C and four conducting substrates, indium tin oxide coated glass, aluminum coated glass, and conducting tin oxide glass, for chemical bath deposition.
Experimental procedures
Details of preparing ZnO nanorods by chemical bath deposition have been previously published [9] and will not be repeated here. For scanning electron microscope (SEM) measurements, samples were coated with gold using a SPI sputter coater. AFM measurements were performed using a VEECO Multimode AFM unit with a silicon tip with radius of curvature of 10 nm. We prepared several samples by placing a jar containing precursors and substrate in a Cascade TEK vacuum oven (model TVO-1, Hillsboro, Oregon), which provided a uniform temperature for chemical bath deposition. Conductivity measurements were performed using a MMR Van der Pauw unit (MPS-50, H-50 and K-20) manufactured by MMR technologies, Mountain view, California. All samples in this study were prepared from equimolar (1:1) solution of zinc nitrate hexahydrate and hexamethylenetramine heated at various temperatures for 9 hours. The SEM images were digitally analyzed using the DIAS 2.0 image analysis software program provided by Sun Angstrom Inc., Boston. The procedure employed in this analysis was published elsewhere [9] . Table 1 shows the summary of image analysis of ZnO nanorods grown on various substrates. For ITO and CTO coated glass, the size of the nanorods increases as the deposition temperature is increased. In comparison with ITO and CTO, ZnO nanorods grown on aluminum coated glass decreases in average size as the temperature is varied from 95 C to 100C. In addition, we also measured the surface resistivity of ZnO nanorods grown at various deposition temperatures on ITO, CTO and Aluminum coated glass substrates. Results on the ZnO resistivity changes with chemical bath deposition temperature are summarized in Table 2 . Fig. 4 . The mean surface roughness of ZnO on ITO coated glass increased from 130.6 nm to 224.51 nm as the deposition temperature was varied from 90 C to 100 C. D F deposition temperature is varied from 90 C to 100 C. This trend is consistent with the enhancement of resistivity by three orders of magnitude in CTO coated glass samples ( Table 2 ). In contrast, ZnO nanorods on aluminum coated glass are not appreciably larger in diameter as the deposition temperature is varied. This trend in nanorod size change with temperature is consistent with the observed change in conductivity ( Table 2 ) by only an order of magnitude from 90 C to 100 C in the same samples. ZnO deposited on ITO yielded the most consistent value of resistivity as the temperature is varied from 80 C to 100C ( Table 2 ). This effect is also consistent with the minimal change in the ratio of large rods to small rods in ZnO grown on ITO as revealed by the image analysis in Table . 1. From AFM measurements in Fig. 4 , it is evident that surface roughness increases with the deposition temperature. Above observations imply that out of the three substrates studies, ITO coated glass will provide the most consistent value of resistivity as well as uniformity in nanorod growth as the chemical bath deposition temperature is varied.
Experimental results
F possible mechanism for building nanorods on conducting substrates. A growth mechanism resulting from the fusing of small nano needles of about 60 nm was postulated [4] from previous studies of ZnO nanorods grown at 88C. Our observation of incomplete structures with open surface features [9] is consistent with the coalescence of tiny needle bundle over time. Temperature and surface conductivity can significantly influence the coalescence of nano needles to form fully developed hexagonal shaped nanorods. The resistivity of ITO , CTO and Aluminum coated glass substrates without ZnO layer clearly indicates that ITO coated glass is two orders magnitude lower in resistivity compared to aluminum coated glass and an order of magnitude lower in resistivity compared to CTO coated glass. Thus it is not surprising that ITO coated glass will be more efficient in promoting uniform growth with consistent resistivity values as the deposition temperature is varied from 80 C to 100 C. From Fig. 1 it is evident that ITO coated glass will also have most uniform surface morphology as revealed from the near constant value of the ratio of large diameter nanorods to small diameter nanorods. In CTO and Aluminum coated glass, the ratio of large diameter to small diameter nanorods either increases or decreases with deposition temperature. This is an indication that surface morphology is changing as the deposition temperature is varied. 
